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Abstract The performance analysis of free space optical communication (FSO) sys-
tems using relays and spatial diversity at the transmitter end is presented in this paper.
The impact of atmospheric turbulence and attenuation caused by different weather
conditions and geometric losses has also been taken into account. The effect of tur-
bulence is modeled over a log-normal probability density function. We present the
exact closed form expressions of bit-error rate (BER) for M-ary quadrature ampli-
tude modulation (M-QAM). The FSO system link performance is compared for on-
off keying, M-ary pulse amplitude modulation and M-QAM modulation techniques.
For relay based free space optical communication systems, M-QAM is proved to be
superior than other systems considering the same spectral efficiency for each system.
A significant performance enhancement in terms of BER analysis and SNR gains is
shown for multi-hop MISO FSO system.
Keywords Free Space Optical Communications · Bit Error Rate · Log-Normal
Fading Channel · Spatial Diversity · Quadrature Amplitude Modulation · Decode
and Forward Relays
1 Introduction
Free space optical communications (FSO) is a rapidly evolving telecommunications
to handle high data rate and it has very large information handling capacity. FSO
communication systems are presented as an alternative to the fiber optics technology
where full duplex data, voice and video transmission in certain applications can hap-
pen wirelessly. Even though, light can be competently inserted into fiber cables to
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route the light information, there are various applications where only the free space
between the transmitter and receiver is available to establish a communication link
via a clear line-of-sight (LOS) path between transceiver pairs.
Transmission of signals optically in free space has attracted and opened the door
of opportunities towards the areas that has been unexplored since decades. FSO sys-
tems are emerging as the fundamental part of multiple systems and applications
such as radio frequency (RF) transmission systems, satellite communications, HDTV
transmission, optical fiber back up and long-haul connections. FSO systems are chal-
lenged by the atmospheric turbulence, weather attenuation and geometric losses.
Changes in refractive index causes scintillation mainly occurs due to atmospheric
turbulence by means of temperature, pressure and wind variations [12]. Different
kind of statistical channel models are used to model the turbulence which suits the
experimental results. Negative exponential, gamma-gamma and log-normal channel
models are used for strong, strong-moderate and weak turbulence conditions, respec-
tively [10, 13, 15]. Performance of FSO systems are also largely affected by fading
and attenuation due to turbulence in free space medium and different weather condi-
tions (snow, fog and haze), respectively. Additionally, geometric losses due to laser
beam divergence also deteriorate the performance of FSO systems. Various types of
spatial diversity schemes are used to mitigate atmospheric turbulence effects in FSO
[1, 18]. Orthogonal Space Time Block Codes (OSTBCs), Transmit Laser Selection
(TLS) and Repetition Codes (RCs) are three main spatial diversity techniques used
out of which TLS strikes as being the best with channel state information at the trans-
mitter but increases the system complexity [6, 16]. With moderate system complex-
ity in different channel conditions, RCs outperfroms its counterpart OSTBCs. Apart
from spatial diversity, some other techniques have also been proposed to mitigate tur-
bulence effects such as relay assisted techniques [16], error-correcting codes [3, 20]
and maximum likelihood estimation [19] out of which relay assisted techniques ap-
pears to be prominent as several short links are used instead of a long communication
link for efficient data transmission over FSO channels.
In this paper, performance of the FSO link for M-ary quadrature amplitude mod-
ulation (M-QAM) under different weather conditions has been analyzed using log-
normal channel model considering bit error rate (BER) as the performance metric.
The effect of turbulence and path losses due to absorption, scattering and scintillation
has also been taken into account for analysis purpose. The BER performance analysis
has been done for FSO single-input single-output (SISO) system and further improve-
ment has been shown by employing spatial diversity i.e. multiple-input single output
(MISO) at the transmitter end. With the help of relays, significant improvement in
the link reliability is also discussed and considering the different weather conditions,
attenuations and geometric losses, MISO multi-hop system with decode and forward
(DF) relays for intensity modulation and direct detection (IM/DD) systems over log-
normal channel for short distance communication links is analyzed. With correlation
effects among the transmitters, the performance of the multi-hop MISO system using
M-QAM is compared to MISO with OOK and RCs, SISO with on-off keying (OOK)
and IM/DD SISO multi-hop system using M-PAM [2] while the spectral efficiency is
considered to be the same for all systems. At the receiving end, ML decoding receiver
is employed for the reception of QAM signal.
Title Suppressed Due to Excessive Length 3
Powered by TCPDF (www.tcpdf.org)
Powered by TCPDF (www.tcpdf.org)
Fig. 1 SISO FSO system using OOK.
2 FSO System Description
2.1 SISO FSO System using OOK
A SISO FSO system is shown in Fig. 1. Transmission of OOK signals are done using
laser and the signal experiences attenuation over a log-normal fading channel be-
cause of geometric losses and diverse weather conditions. The signal received at the
photodiode is given as
r(t) = x(t)ηI+n(t), (1)
where x(t) stands for the transmit signal, η is the optical-to-electrical (O/E) conver-
sion coefficient and I implies the received signal beam intensity which is given as
[12]
I = β I0h, (2)
where I0 signifies the received signal beam intensity, h is the channel irradiance ex-
ponentially related to an independent and identically distributed (i.i.d.) Gaussian ran-
dom variable (RV) X having mean µx and variance σ2x and β signifies the normalized
path loss coefficient given by β = β (l)βd(l) , where βd implies the path loss of the direct
link and n(t) is an additive white Gaussian noise (AWGN) having mean and variance
as zero and N0/2, respectively.
The transmitted beam normally digresses to precise extremity without laser track-
ing methods which illuminates the receiver which is assumed to be static and spher-
ical wave propagation is considered in this case. Referring to the Rytov theory, the
channel variance is given as
σ2x (l) = 0.124k
7
6C2n l
11
6 , (3)
where l stands for the link distance (km), k implies the wave number andC2n signifies
the refractive index constant with σx(l)≤ 0.37 [1]. Path loss is calculated as
β (l) = 10−αl/10
D2R
(DT +θT l)2
, (4)
where α stands for the attenuation coefficient (dB/km) which is weather dependent,
DT and DR are the aperture diameters of the transmitters and receivers, respectively
and θT signifies the optical light beam divergence angle (mrad).
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Dependent on the diferent weather conditions, α varies which makes h as a log-
normal RV. The probability density function (pdf) of h is written as
f (h) =
1
h
√
8piσ2x
exp
(−(ln(h)−2µx)2
8σ2x
)
, h>0. (5)
The channel fading coefficients are normalized to unity to save the average power
from attenuations or amplification, which results in µx = −σ2x . By using (2), at the
receiver input, the instantaneous SNR γ is given as [18]
γ =
(ηI)2
N0
=
(ηβ I0h)2
N0
= β 2γh2, (6)
where γ = (ηI0)
2
N0
stands for the average SNR. A basic transformation of the RV in (5)
and with the help of (6), the pdf of the instantaneous SNR is given as
f (γ) =
1√
32piσ2x γ
exp
(
−
(ln( γβ 2γ )+4σ
2
x )
2
32σ2x
)
. (7)
For any modulation scheme, the approximation of the probability of a symbol
error occurred in the observation process is a key criterion and is defined as
Pesym = Pr{mˆ= m|m sent}.
which is difficult to calculate in practice and so, to estimate its value, bouds are used.
Using a union bound approximation, a general approximation is given as [7, 9]
Pesym ≈ N ·Q
(
dmin
2σ
)
, (8)
where dmin represents minimum Euclidean distance between two points in the signal
constellation, N signifies the average number of constellation points dmin away from
each point and
Q(x), 1
2
√
pi
∫ ∞
u
exp
(−u2
2
)
du, (9)
implies the standardized Gaussian tail function. For equitably signalling, maximum
likelihood (ML) detection is excellent for probability of symbol error and prefers the
codeword having the minimum Euclidean distance from the received vector. Due to
the exponential characteristics of the Q(·) function, at high SNR ratios, the effect of
dmin on Pesym is considerably greater than that of N .
In the comparison of different modulation techniques, the probability of bit error,
Pe represents a figure of merit which can be resolved from Pesym precisely in some
cases, while approximations are essential in others. A routine approximation tech-
nique is to use Gray coding between contiguous symbols in the constellation. in a
Gray coded constellation, adjacent symbols alter by at most a single bit. In consider-
ation of log2M bits for every symbol of alphabet size M, the estimation gives [8],
Pe ≈ Pesymlog2M
.
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Fig. 2 MISO FSO system using RCs.
The conditional bit error probability (BEP) for OOK modulation of a FSO system
is given as [18]
P(e|γ)≈ Q
(√
γ
2
)
, (10)
where Q(.) represents the Gaussian-Q function. The above equation is simplified with
Q-function approximation [5] on (10), which yields an approximated closed-form
expression as
P(e|γ)≈ 1
12
exp
(− γ
4
)
+
1
4
exp
(− γ
3
)
, (11)
The performance metric i.e. BER can be calculated by evaluating the following
integral given by
BER =
∫ ∞
0
P(e|γ) f (γ)dγ. (12)
By using the Hermite polynomial [4], the above integral can be simplified and the
approximated closed-form expression can be written as
BER≈ 1
12
√
pi
N
∑
i=1
wiexp
(
− β
2γe−4σ2x+xi
√
32σ2x
4
)
+
1
4
√
pi
N
∑
i=1
wiexp
(
− β
2γe−4σ2x+xi
√
32σ2x
3
)
,
(13)
where xi implies the zeros and wi signifies the weights for the order N Hermite poly-
nomial.
2.2 MISO using RCs System
The block diagram for MISO FSO system using RCs with Nt transmitters is shown in
Fig. 2. In this system, with same statistics as discussed earlier, simultaneous transmis-
sions have been made over correlated log-normal channel for OOK signals through
Nt lasers. The signal received at the photo diode is written as
r(t) = x(t)η
Nt
∑
i=1
Ii+n(t). (14)
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Here, Ii signifies the received signal beam intensity from the ith transceiver pair.
The received signal beam intensity as discussed earlier is written by
Ii = β I0hi, (15)
where hi = e2Yi is the channel irradiance and Yi is a correlated and i.i.d. RV with mean
µy and variance σ2y which can be calculated as (3).
The overall spacing between the transmitters should be smaller than θ l meters,
where θ signifies the field of view (FOV) of the receiver in radian (rad). Γ signifies
the spatial covariance matrix which models the spatial correlation among the trans-
mitters written as [12]
Γi j = σ2y ×ρ |i− j|, (16)
where ρ stands for the correlation coefficient, i and j represents the row and column
indices of the coefficients of the covariance matrix, respectively and |.| represents the
absolute value. ρ is given as a function of separation distance d among transmitters
which is written as [19]
ρ = exp
[
−
(
d
d0
) 5
3
]
, (17)
where the correlation length d0 ≈
√
λ l where λ implies the wavelength (nm).
As l d, all transceiver pair apertures are considered to be equidistant.
Following the steps discussed in (7), the pdf for the instantaneous SNR can be
written as
f (γ1,γ2 . . .γNt ) =
exp
(
− 132Z(Γ )−1ZT
)
4Nt
√
(2pi)Nt (det[Γ ])∏Nti=1 γi
, (18)
where Z =
[
ln
(
γ1
(β 2γ1)
)
. . . ln
(
γNt
β 2γNt
)]
− 4µy and (·)−1 and (·)T represents the in-
verse and transpose of a matrix (·), respectively.
The MISO FSO system for OOK using RCs has the conditional BEP given by [1]
P(e|γ) = Q
(
1
Nt
Nt
∑
i=1
√
γi
2
)
, (19)
where the 1Nt term represents the same power as conventional SISO FSO system.
The BER for the FSO MISO system is written as [2]
BER≈
∫ ∞
0
. . .
∫ ∞
0
1
12
exp
{
− 1
2
(
1
Nt
Nt
∑
i=1
√
γi
2
)2}
× f (γ1,γ2 . . .γNt )dγ1 . . .dγNt
+
∫ ∞
0
. . .
∫ ∞
0
1
4
exp
{
− 2
3
(
1
Nt
Nt
∑
i=1
√
γi
2
)2}
× f (γ1,γ2 . . .γNt )dγ1 . . .dγNt .
(20)
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Fig. 3 MISO FSO system using Relays.
The average BER can be calculated using moment generating function (MGF) as
[1]
BER≈
N
∑
n1=1
. . .
N
∑
nNt=1
[ Nt
∏
i=1
wni√
pi
]
× 1
12
exp
(
− β
2γ
4Nt
Nt
∑
i=1
[
exp
(√
32
Nt
∑
j=1
ci jxn j−4σ2y
)])
+
N
∑
n1=1
. . .
N
∑
nNt=1
[ Nt
∏
i=1
wni√
pi
]
× 1
4
exp
(
− β
2γ
3Nt
Nt
∑
i=1
[
exp
(√
32
Nt
∑
j=1
ci jxn j−4σ2y
)])
,
(21)
with xn j signifies the zeros and wni implies the weights of the order N Hermite poly-
nomial and ci j signifies the (i, j)th coefficient of Γsq = Γ 1/2.
2.3 Multi-hop DF Relaying System
2.3.1 M-QAM Transmission
A MISO FSO system using M lasers and a photo detector is shown in Fig. 3. At
the transmitter end, the binary data is modulated using an electrical MI ×MQ QAM
modulator and the Gray coding is used for mapping data into QAM symbols and then
transmitted using all the M paths. Additionally the channel distance is also assumed
to be sufficient in order to neglect the effect of spatial correlation. At the receiver, ML
decoding technique is used for the combination of optical signal.
Rectangular QAM signal constellations can be easily generated as two PAM sig-
nals using phase-quadrature carriers and demodulation is easy for such a signal. For
M ≥ 16, despite of not being the best M-ary QAM constellations, the average trans-
mit power needed to acquire a stated minimum distance is uniquely marginally higher
than the average power needed for the perfect M-ary QAM constellation. These are
the logics for which rectangular M-ary QAM signals are repeatedly used QAM sig-
nals. For rectangular signal constellations where M = 2k with k even, the QAM sig-
nal constellation is equivalent to two PAM signals on quadrature carriers, all having√
M= 2k/2 points. The probability of error of QAM can be efficiently calculated from
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the probability of error of PAM since the signals in the phase-quadrature components
can be perfectly abstracted at the QAM demodulator,. Specifically, the probability of
a correct decision for the M-ary QAM system can be gives as [14]
PC = (1−P√M)2, (22)
where P√M represents the probability of error for
√
M-ary PAM having half the aver-
age power in every quadrature signal of the correspondent QAM system. An appro-
priate modification of the probability of error of M-ary PAM yields
P√M = 2
(
1− 1√
M
)
Q
(
3log2Mγ
M−1
)
, (23)
where γ stands for the average SNR per symbol. Therefore for the M-ary QAM, the
probability of a symbol error can be written as
PM = 1− (1−P√M)2. (24)
It is valid for M= 2k with k even. There is no correspondent
√
M-ary PAM system for
odd k and the error rate of a rectangular signal set can be determined comfortably. By
employing the optimum detector, the symbol error probability must be tightly upper
bounded as
PM ≤ 1−
[
1−2Q
(√
3γ
M−1
)]
≤ 4Q
(√
3log2Mγ
M−1
)
.
(25)
Here, the effect of introducing relays in FSO system for SISO and MISO config-
urations has been considered using DF relays and significant improvent in the link
performance is analyzed. (K−1) DF relays are positioned for the transceiver pair for
K hops and the signal received at the kth hop can be written as
rk(t) = x(t)ηIk+nk(t), k = 1,2, . . .K. (26)
In this technique, unlike SISO and MISO systems where one-time slot is required,
K time slots are required for transmission of the signal from source to destination. To
achieve the similar spectral efficiency, 2K-ary M-PAM [2] and M-QAM modulation
techniques are considered. The effects of turbulence and path losses are significantly
reduced by creating shorter communication links using DF relays. For multi-hop DF
relay system, the upper bound BER is written as
BER≤ 1−
K
∏
k=1
(1−BERk). (27)
Considering the identical statistical properties for all hops, above equation can be
approximated by
BER≈ 1
2
[1− (1−2BERk)K ]. (28)
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The conditional BEP of M-QAM is given by [17] as
P(e|γ)≈
2
(
1− 1√
M
)
log2M
[
Q
(√
3log2Mγ
2(M−1)
)]
. (29)
The instantaneous SNR is given by
γ =
2P2
σ2nR
, (30)
where P signifies the signal power and R implies the bit rate. Now, applying the
approximate Q function on (29), the conditional BEP of M-QAM is
P(e|γ)≈
2
(
1− 1√
M
)
log2M
×
[
1
12
exp
(
− 3log2Mγ
4(M−1)
)
+
1
4
exp
(
− log2Mγ
(M−1)
)]
, (31)
which represents the typical expression for the conditional BEP of the FSO system
with M-QAM. BER expression for the kth hop can be derived by using the steps
discussed earlier and with the definition of Hermite polynomial [2] and Q-function
approximation. The closed form expression of BER for M-QAM modulation is de-
rived and given by
BER≈ G
12
N
∑
i=1
wiexp
(
− 3log2Mβ
2
knγe
−4σ2k+xi
√
32σ2k
4(M−1)
)
+
G
4
N
∑
i=1
wiexp
(
− log2Mβ
2
knγe
−4σ2k+xi
√
32σ2k
(M−1)
)
,
(32)
where G=
2
(
1− 1√
M
)
log2(M)
√
pi and βkn is the normalized path loss coefficient with reference to
the direct link for the multi-hop system. Substituting (32) in (27) and (28), the upper
bound BER and the average BER expressions for the multi-hop system are obtained,
respectively. The BER expression for M-PAM is given as Eq. (26) in [2].
2.3.2 M2-QAM Transmission
The M2 symbols of M2-QAM made up of an in-phase and quadrature phase com-
ponent basis function, orthogonal to each other. In each symbol duration, the two
basis functions is modulated with the independent data resulting a multiplication by
a series of M amplitude values to each basis function to comprise the M2 symbols
[8].
The constellation of QAM shows a two dimensional regular array of points and
the minimum spacing between the points is prescribed by the amount of DC bias
appended by virtue of the non-negativity constraint which is [8]
dmin =
P
M−1
√
2log2M
R
,
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where R signifies the bit rate.
The probability of symbol error is estimated by using the union bound approxi-
mation in (9). By evaluating the average number of neighbours dmin away from every
constellation point, Pesym is approximated as
Pesym =
4M−1
m
·Q
(
P
M−1
√
1
4Rsσ2
)
,
where Rs = R/log2M
2.
Applying the Gray coding approximation, the conditional BEP of M2-QAM is
given by [8]
P(e|γ)≈
2
(
M−1
)
Mlog2M
[
Q
(√
log2Mγ
4(M−1)2
)]
. (33)
Where, instantaneous SNR γ = 2P
2
σ2nR
. Now, applying the approximate Q function
on (33), the conditional BEP of M-QAM is given as
P(e|γ)≈
2
(
M−1
)
Mlog2M
×
[
1
12
exp
(
− log2Mγ
8(M−1)2
)
+
1
4
exp
(
− log2Mγ
6(M−1)2
)]
, (34)
which represents the typical expression for the conditional BEP of the FSO system
with M2-QAM. The closed form expression of BER for M2-QAM modulation de-
rived as discussed earlier, can be written as
BER≈ G
12
N
∑
i=1
wiexp
(
− log2Mβ
2
knγe
−4σ2k+xi
√
32σ2k
8(M−1)2
)
+
G
4
N
∑
i=1
wiexp
(
− log2Mβ
2
knγe
−4σ2k+xi
√
32σ2k
6(M−1)2
)
,
(35)
where G=
2
(
M−1
)
Mlog2M
√
pi and βkn is the normalized path loss coefficient with reference to
the direct link for the multi-hop system . Substituting (35) in (27) and (28), the upper
bound BER expression and the average BER expression for the multi-hop system are
retrieved, respectively.
2.4 Multi-hop MISO DF Relaying System
This is a hybrid scheme which utilizes the superiority of both the systems to lessen
the effect of channel attenuations and turbulence as the effect of relays as well as
transmit diversity has been considered simultaneously. The block diagram for this
system is shown in Fig. 4.
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Fi . 4 Multi-hop MISO system with DF Relays.
There are (K− 1) relays which receives the signal from Nt transmitters and re-
transmits it simultaneously using RCs. In this system model, the number of transmit-
ters per relay is considered to be identical with hops. The signal received at every hop
can be written as
rk(t) = x(t)η
Nt
∑
i=1
Iki+nk(t), k = 1,2 . . .K. (36)
Following the similar approach and using conditional BEP equation of M-QAM,
the BER expression for the kth hop has been derived and is given by
BERk ≈
N
∑
n1=1
. . .
N
∑
nNt
[
Nt
∏
i=1
wni√
pi
]
× F
12
exp
(
− 3log2(M)β
2
knγ
4(M−1)Nt
Nt
∑
i=1
[
exp
(√
32
Nt
∑
j=1
c
′
i jxn j−4σ2k
)])
+
N
∑
n1=1
. . .
N
∑
nNt
[
Nt
∏
i=1
wni√
pi
]
× F
4
exp
(
− log2(M)β
2
knγ
(M−1)Nt
Nt
∑
i=1
[
exp
(√
32
Nt
∑
j=1
c
′
i jxn j−4σ2k
)])
.
(37)
And, using the conditional BEP equation of M2-QAM, the BER expression for
the kth hop has been given as
BERk ≈
N
∑
n1=1
. . .
N
∑
nNt
[
Nt
∏
i=1
wni√
pi
]
× F
12
exp
(
− log2(M)β
2
knγ
8(M−1)Nt
Nt
∑
i=1
[
exp
(√
32
Nt
∑
j=1
c
′
i jxn j−4σ2k
)])
+
N
∑
n1=1
. . .
N
∑
nNt
[
Nt
∏
i=1
wni√
pi
]
× F
4
exp
(
− log2(M)β
2
knγ
6(M−1)Nt
Nt
∑
i=1
[
exp
(√
32
Nt
∑
j=1
c
′
i jxn j−4σ2k
)])
,
(38)
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where F =
2
(
1− 1√
M
)
log2(M)
for (37) and F =
2
(
M−1
)
Mlog2M
for (38) and c
′
i j denotes the (i, j)th
coefficients of Γ ′sq =Γ
′1/2. These results can be substituted in (27) and (28) to get the
expressions of the upper bound BER and the final approximated mathematical closed
form explanation for the average BER of the multi-hop MISO system, respectively.
The BER expression for M-PAM multi-hop FSO system is given as Eq. (28) in [2].
Table 1 Simulation Parameters
FSO Parameters Numerical Values
Relay spacing 400 m
Wavelength (λ ) 1550 nm
Link distance (l) 1200 m
Beam divergence
angle (θT ) 2 mrad
Correlation coefficient (ρ) 0.3
Transmitter and receiver
aperture diameter
(DR and DT ) 20 cm
Attenuation
constant (α) 0.43 dB/km (clear weather)
20 dB/km (light fog)
Refractive index
constant (C2n) 5×10−14m−(2/3) (clear weather)
1.7×10−14m−2/3 (light fog)
3 Numerical Analysis and Discussions
For evaluation purpose, numerical results are furnished to check the consistency of
the derived analysis presented in this paper. All the parameters considered to obtain
the results are tabulated in Table 1 where the objective is to acheive a target BER
of 10−9, λ = 1550 nm, DR = DT = 20 cm, θT = 2 mrad, l = 1200 m, C2n = 1.7×
10−14m−2/3 and α = 20 dB/km for light fog condition in the morning, C2n = 5×
10−14m−2/3 and α = 20 dB/km for clear weather, ρ = 0.3 and all hops are equidistant.
For simulation purpose, a minimum of 106 bits are relayed for respective SNR values
and increases with increasing SNR. The scintillation index (SI) is ≤ 0.75 for log-
normal channel and σx =
√
ln(SI)+1/2 [11]. Hence, for SI = 0.75, σx ≤ 0.374 is
required, which represents the maximal value assumed for the analysis purpose. Fig. 5
and Fig. 6 are regenerated from the results of [2] for analysis and comparison purpose
and shows SISO with OOK and MISO with OOK and RCs under clear weather and
light fog conditions, respectively.
Fig. 5 represents the BER for dual-hop FSO system by applying either one or two
transmitters using 4-PAM modulation, MISO with OOK and RCs using two transmit-
ters and SISO with OOK modulation and shows the performance improvement for the
multi-hop SISO system for clear weather conditions with moderate turbulence where
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Fig. 5 BER for dual-hop FSO system with 4-PAM, SISO with OOK and MISO with OOK and RCs under
clear weather conditions.
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Fig. 6 BER for dual-hop FSO system with 4-PAM, SISO with OOK and MISO with OOK and RCs under
light fog conditions.
a relay is placed at the middle of the source and destination and 4-PAM modulation
technique is used for the same spectral efficiency as MISO and SISO systems. The
multi-hop SISO and multi-hop MISO systems using PAM have 18 dB and 22 dB
SNR gains at the target BER in comparison with the SISO with OOK and MISO with
OOK and RCs systems. The multi-hop MISO system surpasses the multi-hop SISO
system by 3.4 dB.
Fig. 6 represents BER for dual-hop FSO system by applying either one or two
transmitters using 4-PAM modulation scheme, MISO with OOK and RCs using two
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Fig. 7 BER for two-relay multi-hop FSO system with 8-QAM, 8-PAM, SISO with OOK and MISO with
OOK and RCs under clear weather conditions.
10 20 30 40 50 60 70 80 90 100 110
Average SNR [dB]
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
B
ER
MISO 3x1 with OOK and RCs
MISO 3x1 multihop with 8-PAM
SISO with OOK
 SISO multihop with 8-PAM
MISO 3x1 multihop with 8-QAM
 SISO multihop with 8-QAM
30 31 32 33
Average SNR [dB]
10
-9
10
-8
B
E
R
16 18 20
10
-9
10
-8
Fig. 8 BER for two-relay multi-hop FSO system with 8-QAM, 8-PAM, SISO with OOK and MISO with
OOK and RCs under light fog conditions.
transmitters and SISO with OOK modulation scheme and shows the effect of light
fog weather conditions on the performance of every system where low turbulence is
considered as fog can not occur in vigorous sunlight. The Performance of the systems
has been degraded by light fog. SISO and MISO systems are strongly influenced by
light fog compared to multi-hop systems. At the target BER, loss of 31 dB and 35 dB
has been calculated for SISO and MISO systems respectively where in case of multi-
hop systems, it is not more than 18 dB. The multi-hop SISO system is still superior to
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other systems and in comparison with SISO and MISO systems, SNR gains of about
37 dB and 33 dB can be acquired, respectively.
Fig. 7 represents BER for two relay multi-hop FSO system by applying either
one or three transmitters using 8-QAM, 8-PAM modulation, MISO with OOK and
RCs with three transmitters and SISO with OOK modulation and shows the effect
of increasing the transmit diversity to three in a MISO system and the sum of relays
upto two in a multi-hop system for clear weather conditions. At the target BER, SNR
gains of 26 dB and 19.5 dB is achieved at the target BER for multi-hop SISO and
multi-hop MISO systems with three transmitters as compared to SISO with OOK and
MISO with OOK and RCs using three transmitters for 8-PAM modulation whereas,
using 8-QAM modulation technique, SNR gains of 14 dB and 13 dB is achieved for
multi-hop SISO and multi-hop MISO with three transmitters as compared to multi-
hop SISO and multi-hop MISO using three transmitters with PAM. Multi-hop MISO
system surpasses the multi-hop SISO system by 2.8 dB and 2.6 dB in case of M-PAM
and M-QAM, respectively.
Fig. 8 represents BER for two relay multi-hop FSO system by applying either
one or three transmitters using 8-QAM, 8-PAM modulation, MISO with OOK and
RCs with three transmitters and SISO with OOK modulation under light fog condi-
tions. For two relay multi-hop system, 8-QAM modulation provides an equal spectral
efficiency related to SISO and MISO systems which is in parallel with the considera-
tion of the same spectral efficiency for all systems. Analytic calculations demonstrate
that systems having multiple relays or multi-hop FSO systems are still dominating
over other systems and the performance of the systems has increased significantly by
10 dB. With the increasing number of transmitters to three, a increment of 2 dB for
M-PAM and 1.8 dB for M-QAM has been shown at the target BER. SNR gains of
47.5 dB and 42.8 dB is achieved at the target BER for multi-hop SISO and multi-hop
MISO as compared to SISO with OOK and MISO with OOK and RCs for 8-PAM
modulation whereas, using 8-QAM modulation technique, SNR gains of 12.5 dB and
13 dB is achieved for multi-hop SISO and multi-hop MISO with three transmitters
as compared to multi-hop SISO and multi-hop MISO using single transmitter with
PAM. Multi-hop MISO system surpasses the multi-hop SISO system by 1.4 dB and
1.2 dB in case of M-PAM and M-QAM, respectively.
4 Conclusions
The effect of diverse atmospheric acclimations on the multi-hop MISO DF relay FSO
system has been analyzed and different path loss attenuations have also been included
for analysis purpose. Analysis shows that MISO multi-hop system using M-QAM
modulation technique has significant improvement over other systems such as SISO
with OOK and MISO with OOK and RCs, SISO multi-hop system using M-PAM
having the equal spectral efficiency. The effects of clear weather conditions with mod-
erate turbulence and light fog with weak turbulence on the the behaviour of different
configurations of FSO system are investigated. Multi-hop systems can counteract the
effects of both turbulence and path losses provoked by geometric losses and atten-
uations while MISO systems are capable of mitigating the turbulence effects only.
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Consequently, It has been shown that by increasing the number of relays, the overall
performance of the FSO system can be improved significantly.
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